& Austin, 2001
). Where contrasting life forms co-occur, patterns of species richness along an environmental gradient might be easier to interpret when considering not only total assemblages, but also life forms separately. This is because the relative importance of specific environmental factors may differ between different life forms . One ecologically meaningful way to group ferns and lycophytes is by classification into groups based on the substrate they occupy (hereafter substrate guilds, i.e., terrestrial and epiphytic). Species of the different substrate guilds can vary in abundance and diversity along environmental gradients, such as altitude (Krömer, Acebey, Kluge, & Kessler, 2013; Watkins et al., 2006) . This phenomenon has been known for at least eighty years for ferns, when Holttum (1938) proposed a plant community classification based on the proportion of different life forms of ferns. Since then, several studies have considered the relationship between elevation and the occurrence of different life forms of ferns and lycophytes in forest systems (Acebey, Krömer, & Kessler, 2017; Carvajal-Hernández & Krömer, 2015; Hemp, 2002; Kessler, 2001b; Lieberman, Lieberman, Peralta, & Hartshorn, 1996; Page, 1979; Tryon, 1964; Wang, Zhou, Yang, & Li, 2003) , but few studies are available in Brazil (Nervo, Coelho, Windisch, & Overbeck, 2016; Paciencia, 2008) .
For our study region in the Atlantic Forest in southern Brazil, elevation effects on species composition, richness, and diversity have been demonstrated for ferns and lycophytes (Nervo et al., 2016) . Total species richness and diversity of different life forms or substrate guilds (terrestrial, rupicolous, and epiphytic species) presented different patterns in distinct elevational zones.
However, the drivers behind these patterns -specifically the role of geographical distances and of environmental effects in structuring communities -have been poorly investigated for southern Brazil (but see Paciencia, 2008) . In the present paper, we analysed the relationship between fern and lycophyte communities and environmental variables along an elevational gradient in the Atlantic Rain Forest (ARF) in southern Brazil in order to address the following research questions:
1. Role of environment and space in structuring fern and lycophyte communities: What are the environmental and spatial drivers that govern fern and lycophyte species composition in the southern Brazilian Atlantic Forest? At what scales do they act? To address this question, we considered climatic and edaphic factors separately and discriminated space into broad and fine scale. Due to the general high dispersal capacity of ferns and lycophytes, we expected a high influence of environmental factors in comparison to the spatial component.
2.
Differences between terrestrial and epiphytic species: Do terrestrial and epiphytic species respond similarly to environmental drivers? We hypothesized that for epiphytic species, climatic variables would be of higher importance than soil factors in structuring community variation along the elevational gradient.
| MATERIAL AND ME THODS

| Study region
Our study region comprises an elevational gradient in the ARF sensu stricto (Floresta Ombrófila Densa in Portuguese) in the northeastern part of the Rio Grande do Sul State. The study region is situated at the southern limit of the Brazilian Atlantic Forest, a biodiversity hotspot (Mittermeier et al., 2004) . The vegetation of the ARF at this latitude is commonly classified into four main forest types (Veloso & Góes-Filho, 1982 ; see also Teixeira, Coura-Neto, Pastore, & RangelFilho, 1986 and Brack, 2009) and 1,400 m. Climate is classified as Köppen's Cfa (temperate, without dry season with hot summers) at lower elevations, and Cfb (temperate, without dry season and warm summers) at higher elevations (Peel, Finlayson, & McMahon, 2007) . Mean temperature is 18-22°C in summer and 11-15°C in winter. Frosts are common and snowfall is possible at the highest altitudes (Nimer, 1989 1,000 to 1,300 mm in the lower and 2,000 to 2,300 mm in the upper part. Soils vary in texture and can be sandy to clayey (EMBRAPA, 2006) , with occurrence mainly of Cambisols, Gleysols, and Nitisols (FAO, 2015) .
| Study design
Five study sites (replicates) were sampled within each elevational belt, i.e., forest type (LO, SU, MO, and UM), totaling 20 study sites.
At each site, we established six 10 m × 10 m sample plots (with a minimum distance of 30 m between them), parallel to the forest edge (with a minimum distance of 100 from the border), totaling 120 plots with a total of 600 m 2 sampled at each site. Sites within the same elevational belt were at least 1 km apart. Most of the study areas were situated in protected areas in a good state of conservation. Fieldwork was conducted from March 2012 to March 2015.
| Vegetation data
For the terrestrial community component, we estimated cover value of each species per sampling plot using a modified BraunBlanquet scale. For epiphytic species, sampling was conducted on all phorophytes with diameter at breast height of 10 cm or more.
Presence of species was recorded in different sections of the phorophyte: trunk base (up to 1.3 m of trunk), medium trunk (between trunk base and high trunk), high trunk (last 1.3 m of trunk), inner crown (encompasses the primary branches to the first bifurcation), and outer crown (encompasses the branches from the second bifurcation forward). We did not record cover values, which is difficult for epiphytes and more so in trees with complex crown structure, but considered frequency (i.e., number of tree sections with presence of the species per tree). Climbing equipment and binoculars were used to facilitate sampling. Data on fern and lycophyte community composition and species abundances are presented and discussed in detail in Nervo et al. (2016) , where more details on sampling are given. Here, Hellinger transformed (Legendre & Gallagher, 2001 ) species by site matrices for all 20 study sites were used as response matrices for all analytical steps.
This matrix either contained the full data set (Y all ), or only the abundance value of either epiphytic or terrestrial species (Y epi and Y ter ), considered to be distinct ecological groups (substrate guilds).
Please note that in the analysis of this study, we did not include the rupicolous ferns that are included in Nervo et al. (2016) . We opted not to use these data, because in sampling, we did not quantify or characterize their substrate (i.e., rock outcrops) in a detailed way, which might mean that important drivers of their presence could have been undetected. However, as species recorded as rupicolous in some plots often were also recorded as epiphytic or terrestrial, this led to the exclusion of only a single species from the dataset (and of course to reduction in abundance of those that appeared also as rupicolous).
| Environmental variables
We considered 27 different climate and soil variables (Table 1) .
Climate data came from two meteorological stations of the Brazilian National Weather Service (INMET) situated close to the study region (Torres and Vacaria [INMET, 2015] 
| Spatial variables
The geographical coordinates were recorded at the center of each sampling site. Then, we constructed Moran's Eigenvector Maps 
| Selection of explanatory variables
Forward selection (Blanchet, Legendre, & Borcard, 2008 ) was used to identify those explanatory variables (both environmental and spatial) that are more useful to understand the variation in the species matrix (Y all , in our case) and species abundance matrix variation (Y epi and Y ter ). We selected alpha = 0.1, and forward selection was stopped when no additional variable reached a p-value smaller than or equal to alpha, or when the R 2 of the model was larger than the R 2 of the global model, i.e., the model with all variables (Blanchet et al., 2008) .
The final explanatory matrices X Soil and X Clim , using the selected variables, together comprised the complete environmental matrix (X Env ). For description of the spatial variation, we also used forward selection. For the broad scale (X MEMbroad ), the first three MEMs (1, 2, 3) were selected. No vector for spatial variation at the fine scale (X MEMfine ) was selected. Significant differences in soil and climatic variables along the elevational gradient, described by NMDS, were evaluated by ANOSIM (Clarke & Warwick, 1994) , which is based on R Statistics, ranging from 0 to 1 (see Appendix S1).
| Analytical procedures
Variation partitioning procedures were employed to investigate the role of the explanatory variables 
| RE SULTS
Along the elevational gradient studied, we found 138 fern and lycophyte species belonging to 55 genera and 21 families. Eighty-one species of ferns and lycophytes were terrestrial species, while 93 were epiphytes, found on a total of 1,223 phorophytes (rupicolous species not considered in this study; see Nervo et al. 2016 Two spatial and eight environmental variables (four climatic and four edaphic) were selected as predictors for community composition of all species along the entire elevational gradient ( Table 2 ).
The broad-scale spatial matrix (i.e., full gradient spatial variance) was composed by spatial vectors 1 and 3 (MEMs 1, 3), and no vector was selected that caught fine-scale spatial variation.
Most of the explained variation in the overall species composition matrix, i.e., including both terrestrial species and epiphytes (Y all ), was related to the shared effect of environment and space ( Figure 1a ). Environmental factors alone explained a larger portion of total variation than space alone. Among environmental drivers,
i.e., our climate (X Clim ) and soil (X Soil ) matrices, the shared effect by climate and soil proved to be the most relevant (Figure 1b) .
Precipitation, solar insolation, and wind intensity significantly increased along the elevational gradient (Appendix S3), but relative humidity did not change along the elevation gradient (see details of climatic variables in Appendix S3). Soil depth, aluminum, and organic matter increased with altitude, whereas soil pH decreased
The CCA explained 48% (axes 1 and 2) of the variation of species composition of the entire community (Figure 2 ). The first axis clearly separated the sample units into two groups, Lowland and
Submontane formations on one side and Montane and Upper
Montane on the other side. Axis 1 comprised 35% of the entire variation and was mainly associated with aluminum concentration, soil depth, wind intensity, insolation, and pH. In contrast, Axis 2, comprising 13% of the variation, was associated with air humidity, soil organic matter, and rainfall.
Forward selection gave rise to different explanatory variables
for Y epi and Y ter (Table 3) . Overall, variables were similar to those selected for the full species matrix (see Table 2 ). However, variation in soil calcium content and variation of minimum temperature of the coldest quarter along the gradient were exclusively related to the epiphytic matrix, while the spatial variable MEM 2, cation exchange capacity (CEC), and variation in soil potassium content were exclusively related to the terrestrial matrix (Table 3) .
F I G U R E 1
Relative contribution of environment (XEnv), space (XMEMbroad), climate (XClim) and soil (XSoil) to the variation along the elevational gradient in fern and lycophyte composition. AB: all species (Yall); C-D: epiphytic (Yepi); E-F: Terrestrial species (Yter). ***P < 0.001; **P < 0.01; *P < 0.05. The major part of the variation in either epiphytic and terrestrial community composition was once again explained by the shared effect of environment and space (32% and 36%, respectively; Figure 1c , e). The pure environmental effect, in contrast, explained 17% and 13%. When discriminating between climate (X Clim ) and soil (X Soil ), the larger part of the variation was related to the shared effect of climate and soil (Figure 1d, f) , followed by the pure climatic effect in the case of epiphytic species, explaining 11% and by the pure edaphic effects in the case of terrestrial species, explaining 8%.
F I G U R E 2
The CCA of the epiphyte community explained 63% (axes 1 and 2) of the total variation (Figure 3 ). Axis 1 explained 47% of the variation, based mainly on aluminum concentration, wind intensity, insolation, and pH. In contrast, Axis 2 was associated with air humidity, minimum temperature, and calcium content, and explained 16% of the data variation. For terrestrial species, the CCA explained 61%
(axes 1 and 2) of the variation (Figure 4) . Axis 1 explained 43% of the variation, based mainly on aluminum concentration, wind intensity, insolation, and pH. In contrast, Axis 2 (explaining 18% of the variation) was associated with air humidity, potassium concentrations, and CEC.
| D ISCUSS I ON
Species composition patterns can be used to indicate ecological gradients and the environmental features that structure an ecosystem (Wang, Wang, Li, & Wang, 2006) . Previously (Nervo et al., 2016) , we
showed that terrestrial and epiphytic species have distinct patterns of richness among elevation zones. Epiphytic species showed peaks of richness in Montane forest, whereas the terrestrial ferns showed greater variation and a less pronounced peak in the Submontane forest. This result is similar to that of Salazar et al. (2015) for fern communities along the Pichincha transect in Ecuador, where the terrestrial ferns also showed a less pronounced peak than epiphytic ferns. With the present study, we are able to understand which factors drive the variation in community composition. Both spatial (geographical distance) and environmental (climatic and edaphic) variables were predictors of fern and lycophyte community compositional variation along our elevational gradient in the southern Brazilian ARF, and environmental variation was clearly structured in space (Table 2) . Interestingly, explanatory power of the variance partitioning procedure almost doubled when we considered epiphytic and terrestrial communities separately. This highlights how important it is to consider the two -or possibly more -groups independently in ecological studies, as they apparently respond in distinct ways to the environmental variables (see also Krömer et al., 2013) . Pooling the groups masked this effect and decreased overall explanatory power as well as the percentage explained by environmental variables, possibly leading to misinterpretations of ecological processes. Salazar et al. (2015) show that species richness along environmental gradients in tropical mountain systems follows a general pattern that apparently is little influenced by latitude, even though species richness is reduced with distance from the equator, i.e., increasing latitude. Our study is situated in subtropical South America, in the humid Atlantic Forest Mountain range. In this study area, temperature declines linearly with elevation whereas precipitation increases, contrasting with some tropical sites (Salazar et al., 2015) .
As the mountain range in southern Brazil studied by us reaches its maximum height at 1,400 m., i.e., before temperature conditions become extreme (even though sporadic frosts may occur), we do not observe, in our study, a sharp reduction of species richness at the upper end of our study transect, as in tropical regions.
Climatic factors, such as precipitation and, consequently, humidity, have been shown to be the most relevant predictors of species composition of fern communities (Aldosoro, Cabezas, & Aedo, 2004; Greer, Lloyd, & McCarthy, 1997; Kessler 2001b; Kessler, Kluge, Hemp, & Ohlemüller, 2011; Kreft, Jetz, Mutke, & Barthlott, 2010) , and the same was shown in our study, both for terrestrial and epiphytic species. Air humidity was close to saturation at all elevations, which is not surprising for the mountain ecosystems in ARF with no marked 'dry' season (Rossato, 2011) .
Nonetheless, we found significant differences between elevations that proved to be important in shaping community composition (Appendices S3 and S4). The highest diversity of epiphytes along elevational gradients is commonly attributed to climatic conditions such as high relative humidity and rainfall (Benzing, 1990; Gentry & Dodson, 1987; Krömer, Kessler, Gradstein, & Acebey, 2005) . We observed a more diverse community of epiphyte species in the higher altitude formations (Montane and Upper Montane forest, Appendix S3), and humidity was shown to be an important driver of the variance of epiphytic community abundance, together with other climatic variables (Figures 1 and 3) . Similarly to observations by Krömer et al. (2013) , lower temperatures and hence lower evapotranspiration at higher elevations should lead to increasing environmental humidity at our gradient as well. However, our models also selected edaphic factors as drivers of epiphytic species community variation. Whereas edaphic factors are known to influence the diversity and distribution of ferns as a group (i.e., Poulsen & Balslev, 1991; Young & León, 1989; Zuquim, Costa, & Prado, 2007) , in the case of epiphytes this relation at first glance appears to be more indirect and might require studying changes in phorophyte identity along the gradient and their relation to the environmental factors. However, other studies have also shown positive relations between soil fertility and different groups of epiphytes (e.g., Boelter, Dambros, Nascimento, & Zartman, 2014; Gentry & Emmons, 1987) , including ferns (Cardelús & Mack, 2010) .
This can be attributed to the fact that foliar leakage and litter from their host species are important nutrient sources for epiphytes, and relations of epiphyte mineral nutrient concentrations and those of host trees can be expected through their habitat links (Suriyagoda, Rajapaksha, Pushpakumara, & Lambers, 2017) .
Regarding the edaphic variables, the variance in species composition of the entire community was related to different levels of soil aluminum, soil depth, percentage of organic matter, and pH. Paciencia (2008) found similar results related to soil pH. In our study, the highest aluminum content and the most acidic soils (pH < 4) occurred in the higher altitude formations (Montane and Upper Montane forest; Appendix S3, Figure 1 ). It is well known that ecological adaptations of species to persist and compete for nutrients on sites with varying fertility drive the development of variation among species and help to determine how species are distributed across landscapes (Callaway, 2007; Grime, 2002) . Ferns can make a high proportional contribution to biomass (and with this, to vegetation cover) on infertile soils (Walker, Landau, Velázquez, Schiels, & Sparrow, 2010) , while in our study, the higher species richness on the plot level was found in the Montane and Upper Montane forest (see Nervo et al., 2016) , associated with soils with lowest pH values and highest Al content. Most of the environmental variables selected in the model with all species were also selected using only epiphytic or only terrestrial species. Nonetheless, some environmental variables were selected for only one of these life forms, such as concentrations of potassium and CEC, both relevant for community variation of terrestrial species, but not for epiphytes. Terrestrial ferns occur on soils that span a large gradient in terms of nutrient availability (i.e., fertility), with many species exhibiting marked affinity to soil fertility (i.e., Tuomisto & Poulsen, 1996) . In our study, the sites with The predominance of niche processes for the assembly of fern and lycophyte communities has been shown in previous studies (Hemp, 2002; Kluge et al., 2006, among others) . However, those studies mostly come from tropical regions, whereas investigations on the role of environment and space in subtropical environments are still scarce (Paciencia, 2008) . In our study, we found evidence of the importance of both environmental and spatial effects on the species composition along the elevation gradient. Whereas purely environmental aspects contributed much more to explanation, they were, to a large extent, structured in space. Spatial factors themselves explained very little, supporting the importance of niche-based processes in species assembly. Given the importance of niche-based processes and the improvement of the models by dividing the species into two groups based on kinds of substrate, we suggest that future ecological studies on ferns and lycophytes should go further towards functional approaches, i.e.,
by incorporating larger numbers of traits (e.g., Karst & Lechowicz, 2007) , to better understand the relation of these plants with their environment.
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